In the silkworm, Bombyx mori, antimicrobial peptide (AMP) genes are upregulated in the larval fat body by injection of bacteria and peptidoglycans (PGNs). The DAP-type PGN from Escherichia coli and Bacillus subtilis exhibited stronger elicitor activity for expression of AMP genes in B. mori than Lys-type PGN from Staphylococcus aureus, suggesting that differences in bacterial influence on the induction levels of these genes depend on the differences in types of PGN. BmRelish1 mRNA was more abundant than BmRel mRNAs in the larval fat bodies. Moreover, the ability of the BmRelish1 active form to enhance the promoter activity of AMP genes was higher than that of BmRels. The difference was related to the binding affinity of Rel family proteins to B sites. Our results suggest that different amounts and different transcriptional activities of Rel family proteins result in differential activation of AMP genes by PGN type and bacterium species.
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Bombyx mori
Insects have a well-developed innate immunity system. [1] [2] [3] [4] [5] Rapid production of humoral factors such as antimicrobial peptides (AMPs) in response to infectious pathogens is a common immunity reaction. 6, 7) In Drosophila melanogaster, the Toll and immune deficiency (IMD) pathways are activated through recognition of invasive pathogens. 1, 4, 5) Gram-positive bacteria and fungi stimulate the Toll pathway, leading to translocation of NF-B transcription factors, while Dorsal and Dorsal immune-factor (Dif) activate target AMP genes such as Drosomycin. [8] [9] [10] In contrast, the IMD pathway is stimulated by infection with Gramnegative bacteria, and an NF-B factor, Relish, activates expression of AMP genes such as Diptericin. [11] [12] [13] [14] The expression of AMP genes Metchnikowin and Defensin is controlled by both the Toll and the IMD pathway. 15, 16) Recently, lysine-containing peptidoglycans (Lys-type PGNs), a cell wall component of many Gram-positive bacteria, have been shown to elicit the Toll pathway through the PGN recognition protein PGRP-SA, and through the Gram-negative binding protein GNBP-1. 17, 18) In contrast, meso-diaminopimelic acid-containing PGNs (DAP-type PGNs) from Gram-negative bacteria and a subclass of Gram-positive bacteria, which includes Bacillus species, have been reported to stimulate the IMD pathway through PGN recognition proteins, PGRP-LC and PGRP-LE. 19 ) Extracellular factors involved in the Toll pathway, such as Necrotic and Persephone, 20, 21) and intercellular factors for the Toll and IMD pathways, have also been identified, 4, 5) although further study is needed to understand these pathways further.
In Bombyx mori, six AMP families, Cecropin, Attacin, Lebocin, Moricin, Defensin, and Gloverin, have been reported. [22] [23] [24] These AMPs are produced by injection of bacteria, crude lipopolysaccharide, and PGN. 23, 25, 26) The genes possess conserved B sites in the 5 0 -upstream region. BmRels and BmRelishs, belonging to the Rel/NF-B protein family, have been isolated as transcription factors that recognize the NF-B sites, and they increase the promoter activity of the Cecropin B1, Attacin, Lebocin 3, and Lebocin 4 genes. 27, 28) Phylogenetic analysis of the Rel homology domain (RHD) has indicated that BmRels and BmRelishs are Dorsal and Relish orthologs respectively. 27, 28) Genome analysis has revealed that the single BmRel gene can produce two alternative splicing isoforms, BmRelA and BmRelB. 24) The two Rel proteins BmRelA and BmRelB have almost identical amino acids sequences (BmRelA possesses an additional 52 amino acid sequences at the N-terminus), but they differentially regulate AMP genes. 27) BmRelish also produces two alternative splicing products, BmRelish1 and BmRelish2. 28) BmRelish1 possesses an RHD at the N-terminus, and ankyrin repeats at the C-terminus.
28) It is believed that BmRelish1 is activated by removal of the C terminal region, including the ankyrin repeats. BmRelish2 lacks a putative transcriptional activation domain and ankyrin repeats, and it is speculated that it plays a role as a dominant negative factor against BmRelish1. The function of BmRelish2 in vivo remains unknown because the amount of BmRelish2 mRNA in y To whom correspondence should be addressed. Fax: +81-29-838-6028; E-mail: yamakawa@affrc.go.jp Abbreviations: AMP, antimicrobial peptide; PGN, peptidoglycan; RHD; Rel homology domain; PCR, polymerase chain reaction; RT-PCR, reverse transcriptase-PCR; EMSA, electrophoresis mobility shift assay; GST, glutathione-S-transferase; IMD, immune deficiency; RP 49, ribosomal protein 49 the B. mori larval fat body is extremely low compared to that of BmRelish1 mRNA.
Lee et al. recently demonstrated that linear PGN from Micrococcus luteus had stronger elicitor activity for AMP genes than PGN from Escherichia coli in B. mori. 29) In this study, we found that DAP-type PGN from E. coli and Bacillus subtilis induces expression of AMP genes more strongly than Lys-type PGN from Staphylococcus aureus, and we describe two possible mechanisms for differential activation of AMP genes by different PGNs.
Material and Methods
Biological materials and PGN types. B. mori (Tokai Â Asahi) were reared on an artificial diet (Nihonnosankogyo, Yokohama, Japan) at 25 C under a controlled light:dark photoperiod of 11:13 h. Fifth instar larvae (4-d-old) were used in the experiments. E. coli K12 strain JM109 was grown in Luria-Bertani medium. 30) S. aureus and B. subtilis were grown in 3% Tryptic Soy Broth medium. These bacteria were heated at 121 C for 1 min, and then suspended in physiological saline (Otsuka Pharmaceutical, Tokyo). B. mori cell line NIASBm-aff3 31) was maintained at 25 C in IPL-41 medium (Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum. Highly purified PGNs from E. coli, S. aureus, and B. subtilis were purchased from Invivogen (San Diego, CA). Prior to use, the PGNs were dissolved in distilled pyrogen-free physiological saline (Otsuka Pharmaceutical).
Immune challenge. B. mori 5th instar larvae were injected with heat-killed bacteria, PGN, or saline (control) at the concentrations indicated in the figure legends. The larval fat body was excised 8 h after immunization, and total RNA was extracted.
Northern blot analysis. Total RNA was extracted from both the fat body and NIAS-Bm-aff3 cells using Isogen (Nippon Gene, Toyama, Japan) according to the manufacturer's instructions. Northern blot analysis was conducted as described by Sambrook and Russell. 30) Briefly, 2 mg of total RNA was separated by electrophoresis on 1% agarose gel containing formamide. The RNA was transferred onto a nylon membrane, Hybond N Plus (GE Healthcare, Piscataway, NJ) and then hybridized with 32 P-labeled CecropinB, Attacin, or ribosomal protein (RP) 49 cDNAs. After the membranes were washed twice in washing solution (300 mol/l sodium chloride, 30 mol/l sodium citrate, and 0.5% sodium dodecyl sulfate, pH 7.0) at 60 C for 30 min, the radioactive signals on the membranes were detected by BAS 2500 (Fujifilm, Tokyo).
Construction of expression plasmids. In the construction of the expression vector, pOpIE2-PacPL, the Drosophila actin 5C promoter in the pPac-PL 32) was replaced with a 560-base pair (bp) fragment of the immediate-early 2 gene promoter from the Orgyia pseudotsugata multicapsid nuclear polyhedrosis virus. 33) The regions between nucleotides 293 and 2,007 of BmRelish1 cDNA, between 511 and 2,369 of BmRelA cDNA, and between 649 and 2,369 of BmRelB cDNA were subcloned into the KpnI and NotI sites of pOpIE2-PacPL to construct pOpIE2-BmRelish1-d2, pOpIE2-BmRelA, and pOpIE2-BmRelB respectively. In the construction of the internal control plasmid, pOpIE2-CH110, to normalize transfection efficiency, the 560-bp fragment of the immediate-early 2 gene promoter from Orgyia pseudotsugata multicapsid nuclear polyhedrosis virus possessing HindIII sites at both ends was inserted into the HindIII site of -galactosidase expression plasmid pCH110 (Amersham Pharmacia Biotech, Uppsala, Sweden). In another internal control plasmid, pOpIE2-Rluc, the open reading frame regions of Renilla luciferase were inserted into pOpIE2-PacPL.
Transfection of NIAS-Bm-aff3 cells. A mixture of the transfection reagent, containing 1.35 ml of Polyfect (Qiagen, Hilden, Germany), 0.5 mg of antimicrobial peptide gene promoter-luciferase reporter gene constructs, 0.17 mg of pOpIE2-CH110 or pOpIE2-Rluc, and, in some cases, the expression plasmid, was added to 7 Â 10 4 NIAS-Bm-aff3 cells. Firefly luciferase activity was measured 48 h after transfection and was normalized against -galactosidase activity or Renilla luciferase activity. Firefly luciferase assay and -galactosidase assay were performed according to the methods of Tanaka et al. 27) Firefly luciferase and Renilla luciferase activities in the cell lysate were measured by the Dual-luciferase Assay System (Promega, Madison, WI) and with a lumicounter (Nition, Chiba, Japan).
Quantification of mRNA by real-time reverse transcriptase-polymerase chain reaction (RT-PCR). Real-time RT-PCR was performed by the method of Tanaka et al. (forward and reverse primers respectively for BmRels). Standard curves were generated using serial dilutions of the plasmid DNA containing the PCR fragments. The mRNA levels were quantified using the second derivative maximum method of LightCycler Software (Roche Applied Science, Indianapolis, IN).
Electrophoresis mobility shift assay (EMSA). The recombinant fusion proteins of BmRelish RHD and glutathione-S-transferase (GST), as well as of BmRelB RHD and GST, have been described by Tanaka et al. 27, 28) These recombinant proteins were prepared according to the methods of Tanaka et al. 27) Synthetic oligonucleotides were annealed and purified by polyacrylamide gel electrophoresis and used as probes for EMSA. The probes were labeled with (-32 P)ATP (MP Biomedicals, Irvine, CA), and were purified as described by Sagisaka et al. 34) EMSA experiments were carried out by the methods of Tanaka et al. 27) Radioactive signals on a dried gel were detected by BAS 2500 (Fujifilm).
Results

Expression of CecropinB1 and Attacin genes using three PGN types
Lee et al. have reported that DAP-type PGN from E. coli possessed higher elicitor activity for AMP gene expression than Lys-type PGN from M. luteus. 29) However, this difference might have been related to the twodimensional structure of PGN, and not the PGN type, because the linear PGN used was M. luteus PGN. In our study, DAP-type PGN from E. coli (Gram-negative bacteria) and B. subtilis (Gram-positive bacteria), and Lys-type PGN from S. aureus (Gram-positive bacteria), were analyzed to determine whether DAP-type PGN is a stronger elicitor than Lys-type PGN in the fat bodies of 5th-instar larvae. Since the expression of most silkworm AMP genes has been reported to be upregulated by 8 h after immune challenge, 23, 25, 26, 28) the amounts of RNA were measured 8 h after immune challenge. Northern blotting analysis indicated that DAP-type PGN from E. coli and B. subtilis induced expression of the Cecropin B1 and Attacin genes more strongly than Lys-type PGN from S. aureus (Fig. 1A) . Similarly, heat-killed E. coli and B. subtilis showed higher elicitor activity for these genes than heat-killed S. aureus (Fig. 1B) , suggesting that the apparent bacterial influence on the induction levels of these genes depends on the PGN type. Other B. mori AMP genes, such as Cecropin A, Cecropin D, Lebocin 3, Gloverins, and Enbocins, were also upregulated more strongly in the fat bodies upon injection of E. coli and B. subtilis than upon injection of S. aureus (Fig. 2 , Kaneko et al. 23) ), suggesting that DAP-type PGN has higher elicitor activity than Lys-PGN for AMP expression in B. mori, consistently with a previous report by Lee et al. 29) We further analyzed the stimulation of AMP genes by the two PGN types and the bacteria in the immuneresponsive silkworm cell line NIAS-Bm-aff3. DAP-type PGN from E. coli and B. subtilis stimulated endogenous Cecropin B1 expression, whereas Lys-type PGN from S. aureus did not (Fig. 3A, Tanaka et al. 
35)
). Consistently with this result, E. coli and B. subtilis, but not S. aureus, induced expression of the endogenous Cecropin B1 and Attacin genes (Fig. 3B) . Stimulation of endogenous Cecropin B1 by E. coli, but not by S. aureus, was also observed in other immune-responsive silkworm cell lines (NISES-BoMo-Cam1, SESBoMo-C129, SES-BoMo-15A, and SES-BoMo-J125; data not shown).
Moreover, transient transfection analysis revealed that the promoter activity of the Cecropin B1 and Attacin genes was upregulated by E. coli and by PGN from E. coli, but not by S. aureus or PGN from S. aureus, suggesting that silkworm cell lines do not respond to Lys-type PGN from S. aureus (Fig. 4) .
Ability of BmRels and BmRelish to activate the promoters of AMP genes
In D. melanogaster, Lys-type PGN stimulates the Toll pathway, leading to activation of target AMP genes, such as Drosomycin, by Dif and/or Dorsal. On the other hand, DAP-type PGN activates the IMD pathway and provokes target AMP genes, such as Diptericin, by Relish. A genome-wide analysis by KAIKOBLAST database (http://kaikoblast.dna.affrc.go.jp/) indicated that intercellular factors, including the Dorsal and Relish orthologs involved in these pathways, are well-conserved in B. mori, 24) suggesting that B. mori also possesses the Toll and IMD pathways, which is probably activated by Lys-and DAP-type PGN respectively. These data lead us to speculate that the Cecropin B1 and Attacin genes are regulated by both pathways, and that induction by the IMD pathway is stronger than by the Toll pathway. One hypothesis to explain the differential expression of AMP genes by these two pathways is that the ability of Rel family proteins to enhance the promoter activity of silkworm AMP genes is different between BmRels and BmRelish1. To test this hypothesis, we compared the effects of BmRels (BmRelA and BmRelB) and the BmRelish1 active form (BmRelish1-d2 28) ) on the induction of promoter activity in the NIAS-Bm-aff3 cell line. Although both BmRels and BmRelish1-d2 enhanced the Cecropin B1 and Attacin promoters in a dose-dependent manner, BmRelish1-d2 activated these promoters more strongly than BmRels under low concentration conditions (Fig. 5) . Since the ratio of BmRelA to BmRelB was approximately 4:1 in the B. mori fat bodies, 27) a BmRelA and BmRelB mixture at that ratio was used. Nevertheless, activation of the AMP genes by the BmRels mixture was lower than by BmRelish1-d2 (Fig. 5) , suggesting that the differential activation of the AMP genes by different types of PGN is due to different potency of Rel family proteins.
Binding affinity of BmRel and BmRelish to B sites
In D. melanogaster, Relish-and Dif/Dorsal-specific promoter activation is dependent on the binding affinity of B sites to these promoters. We performed EMSA using the recombinant fusion protein of BmRelish1 RHD and of BmRelB RHD in GST to determine whether the difference in the activation of the AMP genes by Rel family proteins is due to the different binding affinity of Rel proteins to B sites of these promoters.
Results showed that both BmRelish1 RHD and BmRel RHD bind to both the proximal and the distal B sites of the Cecropin B1 gene; however, the binding affinity of BmRelish RHD was higher than that of BmRelB RHD (Fig. 6) . Likewise, for an Attacin promoter B site, the binding affinity of BmRelish1 RHD was higher than that of BmRelB RHD (data not shown). These results suggest that the activation difference in antimicrobial peptide genes between Rel family proteins is related to the difference in the binding affinity of Rel proteins to the promoter B sites.
Measurements of BmRelish and BmRel mRNA
As an alternate possibility to explain the differential regulation of AMP genes, we investigated to determine whether different amounts of BmRels and BmRelish1 result in differential activation of AMP genes. The amounts of BmRels (BmRelA + BmRelB) and BmRelish1 mRNA in nonstimulated B. mori fat bodies were measured. The amount of BmRelish1 mRNA was 30 times greater than that of BmRel mRNAs. This difference increased to 90-fold and 136-fold at 2 h and 8 h respectively after E. coli treatment, indicating that the mRNA level of BmRelish1 increased more than that of BmRels in response to E. coli (Fig. 7) . These results suggest that a greater amount of BmRelish1 molecules leads to stronger activation of the AMP genes by DAPtype PGN than by Lys-type PGN.
Discussion
In this study, we confirmed that DAP-type PGN possess stronger elicitor activity for the expression of B. mori AMP genes than Lys-type PGN. In addition, we found that bacteria possessing DAP-type PGN elicited stronger AMP gene expression than bacteria possessing Lys-type PGN, suggesting that the apparent bacterial difference in influence on the induction levels of these genes depends on the type of PGN. Lee et al. found that DAP-type PGN from E. coli had a higher induction level than linear Lys-type PGN from M. luteus.
29)
Therefore, regardless of whether Lys-type PGN is linear, its elicitor activity appears to be lower than that of DAP-type PGN.
In D. melanogaster, the Toll and IMD pathways are stimulated by DAP-type and Lys-type PGN respectively.
5) Direct recognition of DAP-type PGN by a transmembrane protein, PGRP-LC, transmits the signals into the cell. On the other hand, a hetero-complex consisting of PGRP-SA and GNBP1 in the hemolymph recognizes Lys-type PGN, and stimulates the intercellular Toll pathway through serine protease cascade and Toll. 5) We found that the intercellular factors involved in both pathways are well-conserved in the fruit fly and silkworm by silkworm genome analysis. 24) Moreover, Dorsal and Relish orthologs (BmRels and BmRelishs respectively) have been reported to participate in activation of AMP gene expression triggered by Grampositive and Gram-negative bacteria respectively. 27, 28) These data suggest that B. mori possesses both Toll and IMD pathways, activated by Lys-type and DAP-type PGNs respectively. In support of this observation, a transgenic knock-down silkworm analysis has demonstrated that Dorsal and Relish orthologs (BmRels and BmRelish1 respectively) participate in the activation of AMP gene expression triggered by Gram-positive and Gram-negative bacteria respectively. 27, 28) We speculate that expression of the Cecropin B1 and Attacin genes is upregulated by both the Toll and the IMD pathway, but that activation by the Toll pathway for these genes is lower than by the IMD pathway. We have suggested two possible mechanisms for this differential activation. One is that the amount of BmRelish1, effector of the IMD pathway, is greater than BmRels, effector of the Toll pathway. The other is that BmRelish1 has a higher ability to enhance the promoter activity of AMP genes than BmRels. Dorsal and Relish homologs have also been found in other insects, such as Anopheles gambiae, 36, 37) Aedes aegypti, 38, 39) and Tribolium castaneum, 40) but differences in the amounts of Rel family proteins have not yet been reported in other insects. Whether this phenomenon is silkworm-or Lepidoptera-specific ought to be elucidated. In our transfection experiment, BmRelish1 had greater ability to enhance the promoter activity of the Cecropin B1 and Attacin genes than BmRels did. Total RNA was extracted from B. mori fat bodies excised from 5th instar larvae 8 h after immunization, and was analyzed by Northern blotting. RP49 mRNAs were analyzed as an internal control. Three different samples were examined for each condition. A, Comparison of mRNA levels after injection with saline (control), PGN from E. coli (PGE, 0.1 or 1.0 mg/ml), PGN from S. aureus (PGS, 1.0 or 10 mg/ml), and PGN from B. subtilis (PGB, 0.1 or 1.0 mg/ml). B, Comparison of mRNA levels after injection with saline (control), E. coli Furthermore, our EMSA analysis suggested that this difference was due to a difference in the binding affinity of the Rel family proteins to the various B sites in the 5 0 -upstream regions of these genes. Busse et al.
have identified 16 and 11 genes that are activated mainly by the Toll and IMD pathways respectively in D. melanogaster by bioinformatic analysis. 41) For example, the Necrotic gene is activated by the Toll pathway, while Diptericin is activated by the IMD pathway. This differential activation might be caused by different affinities of Rel proteins for binding to the B sites of these promoters. The numbers of putative B sites are also different between Toll pathway-and IMD pathway-specific responsive genes. Most Toll pathway responsive genes possess a single B site, whereas most IMD pathway responsive genes have more than two such sites. 41) The consensus sequences of B sites to which Dif/Dorsal or Relish specifically bind have been identified. On the other hand, dual responsive genes activated by Dif/Dorsal and by Relish have been identified in D. melanogaster. 41) Busse et al. suggested two mechanisms to explain such dual responsiveness. 41) One is dual regulation by two B sites, each of them regulated by either pathway. The other is a dual responsive gene with more than two B sites, one responsive to both pathways and the other responsive only to the IMD pathway. Although the Cecropin B1 gene from B. mori is supposed to be regulated by both the Toll and the IMD pathway, a dual regulation mechanism in silkworm Cecropin B1 is probably different from that of dual responsive genes from D. melanogaster. This suggestion is based on our mutagenesis and transfection analysis, which revealed that both B sites of the Cecropin B1 promoter were necessary for complete activation of the Cecropin B1 promoter, not only by BmRelish1 but also by BmRels, Promoters by Bacteria and by PGN. Gene constructs consisting of the B. mori AMP gene promoter and the luciferase reporter gene were transfected into NIAS-Bm-aff3 cells. Forty h after transfection, 1 mg/ml of PGNs from E. coli (PGE), or, S. aureus (PGS), or 1 Â 10 5 cells/ml of E. coli (Ec), or, S. aureus (Sa), were added to the medium. Cells were harvested 48 h after transfection and luciferase activity was measured. The bars indicate mean AE S.D. of enzyme activity (n ¼ 3). No, unstimulated cells.
in NIAS-Bm-aff3 cells (data not shown). Deletion of either of these two sites caused a strong reduction in promoter activity by both Rel family proteins. We suggest that both sites are involved in full activation of the promoter by BmRels and BmRelish1 in contrast to such activation in D. melanogaster. Other dualregulated AMP genes from B. mori, such as Attacin, Cecropin A, and Lebocin 3, also possess more than two putative B sites in the 5 0 -upstream region. 22, 28) Whether this dual regulation mechanism is common in immune genes from B. mori ought to be investigated.
On the other hand, Cecropin D in B. mori was stimulated by E. coli and by B. subtilis, but not by S. aureus, suggesting that it is specifically activated by the IMD pathway. We have also found several other genes that were activated by E. coli but not by S. aureus (data not shown). A single potential B site, GGGAA- Cec κB1 -153 AATTGAG GGGATTAACT TTTATCAGAGC -126 Cec κB2 -126 CGGGCGAGGGAAGTACCCCTCTCGTGTT -99 G R Rh Fig. 6 . EMSA for the Binding of RHD from BmRelB and BmRelish1 to Cecropin B1 Gene B Sites. EMSA was conducted using 1 mg of recombinant fusion proteins of GST and the RHD from BmRelB and that from BmRelish1. The nucleotide sequences of the probes, Cec B1 and Cec B2, are shown, and the B sites are underlined. Abbreviations and symbols: -, no protein; G, GST alone; R, fusion protein of GST and BmRelB RHD; and Rh, fusion protein of GST and BmRelish1 RHD. GAACC, was found in the 5 0 -upstream region of Cecropin D, suggesting that this site is involved in IMD-specific activation of the Cecropin D gene.
CecB1-luc
In contrast to the in vivo results, S. aureus and PGN from S. aureus stimulated neither Cecropin B1 nor Attacin expression in NIAS-Bm-aff3 cells or in other immune-responsive silkworm cells (Fig. 3, data not  shown) . This suggests that the factors involved in immune signaling activated by Lys-type PGN are lacking in these silkworm cell lines. However, Lee et al. reported that linear Lys-type PGN from M. luteus had strong elicitor activity in stimulating expression of AMP genes in the immune responsive cell line NISESBoMo-Cam1. The lineage formation of Lys-type PGN is probably involved in elicitor activity in silkworm cells. 29) In this study, we found that different PGN types caused differential activation of B. mori AMP genes. On the other hand, lipopolysaccharide (LPS), a major cellwall component of Gram-negative bacteria, also elicits expression of immune genes in B. mori, in contrast to D. melanogaster, although the elicitor activity of LPS is less than that of PGNs. 35) To date, the mechanism of LPS activation of immune genes has not been clarified. It remains to be determined whether the signal transduction pathway activated by LPS is the same as that activated by PGN.
